Studies in the past several years have documented the climatology of warm-season precipitation-episode statistics (propagation speed, span, and duration) over the United States using a national composited radar dataset. These climatological studies have recently been extended to other continents, including Asia, Africa, and Australia. However, continental regions outside the United States have insufficient radar coverage, and the newer studies have had to rely on geostationary satellite data at infrared (IR) frequencies as a proxy for rainfall. It is well known that the use of IR brightness temperatures to infer rainfall is subject to large errors. In this study, the statistics of warm-season precipitation episodes derived from radar and satellite IR measurements over the United States are compared and biases introduced by the satellite data are evaluated. It is found that the satellite span and duration statistics are highly dependent upon the brightness temperature threshold used but with the appropriate choices of thresholds can be brought into good agreement with those based upon radar data. The propagation-speed statistics of satellite events are on average ϳ4 m s Ϫ1 faster than radar events and are relatively insensitive to the brightness temperature threshold. A simple correction procedure based upon the difference between the steering winds for the precipitation core and the winds at the level of maximum anvil outflow is developed.
Introduction
Warm-season continental rainfall exhibits organization over a wide range of scales, from 1 to Ͼ1000 km. Over the continental United States, individual rainfall event statistics, diurnal and semidiurnal cycles, and subseasonal rainfall variations are captured well by the Weather Surveillance Radar-1988 Doppler (WSR-88D) network. Though local uncertainties in instantaneous rainfall rate may approach a factor of 2, this eventresolving dataset is unique with respect to continental climatological applications. From these data, dynamically based climatological findings of precipitationepisode statistics (propagation speed, span, and duration), have been published by Carbone et al. (2002) . More recent studies have extended these types of analyses to other continents, including Asia (Wang et al. 2004 (Wang et al. , 2005 , Africa (Laing et al. 2008) , and Australia (Keenan and Carbone 2007) . However, continental regions outside the United States have insufficient radar coverage to produce event-resolving "climatologies." Instead, these studies have relied on geostationary satellite data at infrared (IR) frequencies as a proxy to rainfall, which, when properly conditioned, can serve a similar purpose.
It is well known that the use of IR brightness temperatures to infer the spatial and temporal distribution of rainfall is subject to large errors and can be influenced by a number of factors, including the brightness temperature threshold that is used to be indicative of rainfall, opaque nonprecipitating cirrus, shallow warm precipitating clouds, and the spatial and temporal averaging scales used. In a study that compared the fraction of area covered by clouds colder than various IR brightness temperature thresholds with radar-derived rainfall accumulations over the B-scale array of the Global Atmospheric Research Program (GARP) Atlantic Tropical Experiment (GATE), Arkin (1979) found that the satellite-rainfall correlations maximized (ϳ0.84-0.88) for a temperature threshold of 235 K. In a subsequent study, Richards and Arkin (1981) examined the effects of averaging over different spatial (0.5°-2.5°) and temporal (1-24 h) scales and found that although a linear relationship between fractional coverage and rainfall amounts showed considerable scatter at the smallest scale, the correlations improved to 0.8 at the larger scales.
Potential sources of contamination include nonprecipitating cold cirrus (false-positive rain events) and shallow warm precipitating stratiform or shallow convective clouds (false-negative rain events). In a review of estimating precipitation from IR data, Martin and Scherer (1973) noted that IR methods are sometimes compromised by cirrus contamination. Using data from the Florida Area Cumulus Experiment, Adler and Negri (1988) described a new method for estimating both convective and stratiform rainfall based upon finding the local minima in the brightness temperature field. In comparing their technique with more traditional IR methods, it was noted that the latter tended to underestimate rainfall in the early stages of storm development and overestimate in the decaying phase when the precipitation was decreasing rapidly, but there was still significant cold cirrus.
At the other extreme is the problem of shallow precipitating stratiform or convective clouds having high brightness temperatures that are warmer than the commonly used temperature thresholds. In a study comparing IR data with a Japanese radar/rain gauge network under orographically forced warm-rain conditions, Negri and Adler (1993) showed that IR techniques severely underestimated the rain because of warm cloud tops. In deep convection over the tropical Pacific Ocean, Albright et al. (1985) found a close relationship between cloud fraction colder than 237 K and rainfall but doubted that a useful relationship could be found for stratiform clouds not of convective origin. Shallow convective clouds can contribute a significant fraction of rainfall in some regions, such as tropical oceanic trade wind regimes (Schumacher and Houze 2003; Nesbitt et al. 2006; Casey et al. 2007) . However, this is of little concern here because the focus is on deep, longlived convection propagating over continental regions.
Recent advances in satellite-based precipitation estimates include the Climate Prediction Center morphing technique (CMORPH) in which passive microwave satellite scans are combined with geosynchronous IR data (Joyce et al. 2004 ). Many of the problems associated with using IR data alone (as discussed above) are reduced or eliminated. However, because the warmseason precipitation studies of Wang et al. (2004 Wang et al. ( , 2005 , Laing et al. (2008) , and Keenan and Carbone (2007) relied only on IR data, the focus here is to do the same and evaluate any biases that may result.
Given the potential problems in using IR brightness temperatures to infer rainfall, it is important to evaluate how the properties of rain events based on IR measurements compare to those based on radar measurements. The intent here is not to do a point-by-point comparison of rainfall derived from the two measurement platforms, but to compare the bulk statistics of rain events. Five years (2000-04) of radar and satellite data during the warm season (June-August) over the United States are examined in the same manner as in Carbone et al. (2002) . From these comparisons, biases introduced by the satellite IR measurements will be evaluated and correction procedures will be developed.
Data
The primary data used in this study are the WSI Corporation "NOWrad" national composite radar reflectivity and Geostationary Operational Environmental and GOES-12 geosynchronous infrared brightness temperatures (10.7-m channel), sampled at ϳ4 km resolution every 30 min. Although a product such as NOWrad is inadequate for some research purposes, it has been the only practical means for access to the complete WSR-88D network data at high spatial and temporal resolutions. The precise algorithm for creating the composite is information that is proprietary to the WSI Corporation, but it is commonly described as the maximum value of radar reflectivity as measured by any WSR-88D at any height in a vertical column. The properties of the product include an ϳ2-km latitude-longitude grid with 15-min temporal resolution and 16 levels of reflectivity at 5-dBZ intervals. The reflectivity values Z are first converted to a rainfall rate R (mm h Ϫ1 ) using a standard Z-R relationship (Z ϭ 300R 1.6 ). It is well known that reflectivityrainfall rate relationships applied locally are subject to errors of a factor of 2 or more. However, these errors are not of large concern here because the intent is to compare the spatial and temporal distributions of radar-and satellite-derived rainfall and not to do an absolute comparison of rainfall rates. The temporal and spatial averaging procedures used here would also minimize the impact of errors in the radar/satellitederived rainfall.
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To reduce the datasets to a more manageable size, the radar rainfall estimates and the IR brightness temperatures are both averaged over a 0.2°latitude by 0.2°l ongitude grid and are saved as a Custom Editing and Display of Reduced Information in Cartesian Space (CEDRIC) disk file (Mohr et al. 1986 ). The radar and satellite data for June-August 2000-04 are then analyzed and plotted in reduced-dimension format in which data are averaged or summed in the latitude direction and presented in time-longitude space (Hovmöller plots). Long-lived convective systems appear as streaks propagating from west to east across the United States. From the time-longitude plots, statistics of event span (km), duration (h), and propagation speed (m s Ϫ1 ) are generated following the procedure of Carbone et al. (2002) . Figure 1 shows an example of radar and satellite IR data (using three different temperature thresholds) presented in time-longitude space. The radar data represent a simple average of rainfall rates between 33°and 50°N latitude. The satellite data show the number of 0.2°data points between 33°and 50°N that are colder than temperatures of 255, 235, and 215 K. A comparison of the radar rainfall with the satellite data generally shows that the spatial and temporal patterns in the 235-K data (Fig. 1c) agree best with the radar rainfall (Fig. 1a) , consistent with results from previous satellite studies (Arkin 1979; Albright et al. 1985) . The 215-K threshold (Fig. 1d) is much too cold, and most of the rain is missed; at 255 K, the area of rainfall is overestimated because more shallow nonprecipitating cloud systems are included in the results.
Results
A closer examination of the radar and 235-K data reveals several areas of disagreement. The solid ellipse shows an area that has weak, short-lived rainfall, but there are essentially no IR values colder than 235 K. This is likely due to shallow stratiform-type precipitation with cloud tops warmer than 235 K. This is confirmed by the 255-K data in which the solid elliptical area contains data (Fig. 1b) . There are also areas where there are data at 235 K but no radar rainfall (dashed ellipses). These are likely areas of opaque cirrus or the cirrus remnants from dissipated deep convection.
By following the procedure described by Carbone et al. (2002) , a two-dimensional rectangular cosine function is fit to the radar and satellite data in Hovmöller space to determine the span (zonal distance), longevity, and zonal component of the propagation speed of each of the streaks. The rectangular length is set to ϳ3°, and the cosine weighting is matched to ϳ3-h rainfall duration, characteristic of the larger convective systems. The cosine function is fitted to the radar (satellite) data only for data values that exceed 0.02 mm h Ϫ1 (1.0). Figure 2 shows a comparison between all radar and satellite 235-K event statistics for 2000-04. There are subtle differences between the radar/satellite span and duration statistics with the satellite events being ϳ100 km longer in span and ϳ2 h shorter in duration. The more important differences are in the propagation speeds, with the satellite events propagating on average ϳ4.7 m s Ϫ1 faster than the radar-measured events. The faster propagation speeds of satellite events are not too surprising considering that in situations of deep convection the cold cirrus outflow typically expands downwind with the mean upper tropospheric winds in the anvil layer (Short et al. 2004) , whereas the steering level for the precipitation core of the convection is generally lower in the atmosphere. In the development of CMORPH, Joyce et al. (2004) also noted faster propagation speeds of IR signatures as compared with the WSR-88D data. Note that there are approximately 500 more radar events than satellite events, suggesting that, although instances of cold nonprecipitating cirrus are expected to be included in the statistics, it is more common to have shallow precipitation events with cloud tops warmer than 235 K.
Because the statistics contain radar events with no corresponding event in the satellite data (shallow stratiform precipitation) and satellite events with no corresponding rain event (cold cirrus), the statistics in Fig. 2 may be biased. A more robust comparison would be to consider only rain-event streaks that have a corresponding satellite event associated with it, thereby excluding rain/no satellite and satellite/no rain events. To be counted as a matching pair, a rain streak and satellite streak are required to be within 2 h of each other and to overlap by at least 50% in longitude. Figure 3 shows the statistics for matching pairs of events. The average propagation speed difference has decreased slightly to 4.1 m s
Ϫ1
, but the difference is still significant and must be attributed to the differences in the levels of steering winds and not to biases introduced by sampling problems.
It would be expected that the radar-satellite differences seen in the statistics may be dependent on both the brightness temperature threshold and minimum rainfall-rate value used for the cosine fits. To examine this possibility, the statistics are recomputed using the 235-, 245-, and 255-K brightness temperatures and 0.02, 0.05 and 0.1 mm h Ϫ1 rainfall-rate thresholds. The average differences between the satellite and radar speed, span, and duration as a function of the thresholds are shown in Table 1 . As expected, the span and duration statistics are dependent on the thresholds used, with the satellite-radar differences increasing for both increasing temperature and increasing rainfall-rate thresholds. Note that the span and duration differences are near 0 for the 235-and 255-K thresholds, respectively. Thus there is no combination of thresholds at which both the span and duration statistics are 0 at the same time. To obtain the most accurate statistics, one should con- 
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sider using two separate thresholds-235 K for the span statistics and 255 K for the duration. Note that these threshold values are expected to apply only in regimes of deep convection and would be expected to change for shallow convection or stratiform precipitation.
The reasons for the dual-threshold situation are several. A closer examination of the statistics (not shown) reveals that, on average, at 235 K both the early and decaying stages of convective precipitation are missed; that is, precipitation develops a few tens of minutes before there are significant cloud tops colder than 235 K and mesoscale circulations induced by the convection can lead to weak stratiform-type precipitation that lasts well after cloud tops have descended below 235 K. However, because of the rapid expansion of the cold cirrus anvil (both upwind and downwind of the precipitation core) during the intense phase, the span of convective events is determined fairly accurately. For example, consider the decaying phase of a convective system in which the cloud top may descend below the 235-K level before precipitation has ended but the rapid expansion of the anvil downwind of the precipitation core places the lowering cloud shield near the location at which the precipitation eventually dissipates 2-3 h later. At 255 K, the timing of events is determined more accurately but the spans are overestimated by 150-200 km.
An important feature of Table 1 is that the propagation speed differences are relatively insensitive to the thresholds used, and thus a correction procedure needs to be developed to adjust the satellite speeds to the rainfall speeds as measured by radar (considered to be the truth).
Correcting satellite propagation speeds
Given that the major differences between the satellite and radar statistics are in the propagation speeds and that the span and duration statistics can be brought into close agreement by the proper selection of thresholds, can the propagation speeds of the satellite events be easily adjusted to match closely those of the radar? Any approach considered should be easy to apply and have a physical basis. From the rainfall statistics of Carbone et al. (2002) it is known that, although the steering level for warm-season rain events over the United States varies considerably, the median level is ϳ400 hPa (ϳ255 K). The 235-K level corresponds to ϳ275-300 hPa (ϳ9-10 km MSL), and, from observations of radar range-height displays, 235 K is also near the level of maximum thunderstorm anvil extent on a typical summer day in the United States. Observations have shown a high degree of correlation (ϳ0.85) between the distance and direction of anvil transport and the mean winds in the anvil-formation layer (Short et al. 2004 ). Fig. 2 , except that the histogram statistics represent only radar events that had a corresponding satellite event associated with them. TABLE 1. Mean satellite-radar differences (diff) in the zonal propagation speed, zonal span, and event duration as a function of the brightness temperature (K; rows) and rainfall-rate thresholds (mm h Thus it seems plausible that a satellite speed correction factor could be related to the difference between the 300-and 400-hPa winds, that is, the difference between an average steering level wind for deep convection and the winds near the level of maximum anvil extent. The procedure then is simply to compute the average difference between the 300-(or 275) and 400-hPa zonal Rapid Update Cycle (RUC) winds over the central United States (arbitrarily chosen as between 105°and 85°W and between 35°and 48°N) for a 24-h period and to subtract the difference from the satellite propagation speeds. Figure 4 shows the results of the correction procedure. It is apparent that the simple adjustment has brought the histograms into very close agreement, with the average satellite-radar differences being 0.7 and Ϫ0.35 m s Ϫ1 for the 300-400-and 275-400-hPa corrections, respectively.
FIG. 3. As in
An additional consideration is that during the warm season the tropopause height in the midlatitudes can vary by 3-4 km. The tropopause is a primary limiting factor to the depth of convection. Thus there is the possibility that the heights used for the correction factor depend on the tropopause height. To test this possibility, the 300-400-hPa correction was applied to two different subsets of the data-one for days that had tropopause heights below 13.5 km and the other for days with heights greater than 14.0 km based on the RUC data. For the datasets with tropopause height Ͻ13.5 and Ͼ14.0 km, the average satellite-radar differences after correction are 0.2 and 0.7 m s
Ϫ1
, respectively. Thus, although the trend is for a larger correction factor being required as the tropopause deepens, the difference between the two datasets is only 0.5 m s Ϫ1 and additional refinements to the correction procedure (due to tropopause height variations) do not seem to be warranted.
Last, all of the statistics were stratified by month (June, July, and August) to consider seasonal dependence. Although there is a slight dependence, it was judged to be insignificant, with the monthly averages for speed, span, and duration varying ϳ0.5 m s
, 15 km, and 0.6 h, respectively, from the June-August means shown in Table 1 .
Summary
We have examined the statistics of warm-season convective events for a 5-yr period (June-August of 2000-04) as observed with a ground-based national radar reflectivity composite and with satellite-derived GOES IR brightness temperatures. The focus of the study was to compare rain-event statistics (span, duration, and propagation speed) as measured by the two different measuring systems. Since the radar-based study of Carbone et al. (2002) , numerous additional studies have been conducted on other continents where radarcomposited datasets are not available. Instead, these studies have relied on satellite-based measurements, which are known to present challenges in measuring rainfall. Thus there has been a need to compare satellite-based statistics with those derived from radar, which are considered to have more accuracy in measuring the intensity and location of rainfall. 
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The 235-K brightness temperature is commonly used in the satellite community to be indicative of rainfall. Indeed a visual examination of time-longitude plots of radar and 235-K IR data shows a remarkable similarity in temporal and spatial coverage. However, when comparing the statistics of radar and satellite events, significant differences in some of the derived parameters are evident. When using a low value of rainfall rate (0.02 mm h
Ϫ1
) to define the endpoints of a radar streak and the 235-K threshold for the IR data, the average span differences are small (ϳ50 km), but the duration of satellite events was 3.5 h shorter and satellite propagation speeds were ϳ4.1 m s Ϫ1 faster. Changing the temperature and rainfall thresholds has significant impact on the span and duration differences, but no combination of thresholds reduces both differences to zero at the same time. Instead it seems reasonable to use two different thresholds-235 and 255K-for determining the span and duration statistics, respectively. Note that these threshold values are expected to be valid only in situations of deep convection and would be expected to vary in different precipitation regimes such as shallow trade wind convection, stratiform precipitation, and so on.
The propagation speeds are relatively insensitive to the threshold used, and thus a correction factor for the propagation speeds needs to be applied. The desire was to keep any correction simple and easy to calculate but still have some scientific merit. Based on the radar findings of Carbone et al. (2002) and the anvil study of Short et al. (2004) , a correction factor based upon the average difference between the 300-(or 275) and 400-hPa winds was proposed. This simple correction proved to do a very satisfactory job in bringing the propagation-speed statistics into good agreement.
It is not known how the correction procedure will perform on other continents, but a quick test of applying the correction under widely varying tropopause heights showed it to be relatively insensitive to tropopause height. Based on this alone, the technique may work well, without modification, in other regions of the world in environments of deep convection embedded in westerlies. However, if radar data are available it would be prudent to compare the satellite data with the radar data to confirm that the correction procedure is working as expected. This could be done even if data from only a single radar were available and only a fraction of the event were to be observed by radar.
